Abstract-Nanometric movements of the substrate on which endothelial cells are growing, driven by periodic sinusoidal vibration from 1 Hz to 50 Hz applied by piezo actuators, upregulate endothelin-1 and Kruppel-like factor 2 expression, and increase cell adhesion. These movements are in the z (vertical) axis and ranges from 5 to 50 nm and are similar in vertical extent to protrusions from the cells themselves already reported in the literature. White noise vibrations do not to produce these effects. Vibrational sweeps, if suitably confined within a narrow frequency range, produce similar stimulatory effects but not at wider sweeps. These effects suggest that coherent vibration is crucial for driving these cellular responses. In addition to this, the applied stimulations are observed to be close to or below the random seismic noise of the surroundings, which may suggest stochastic resonance is being employed. The stimulations also interact with the effects of nanometric patterning of the substrates on cell adhesion and Kruppel-like factor 2 and endothelin-1 expression thus linking cell reactions to nanotopographically patterned surfaces with those to mechanical stimulation.
degraded (controlled disorder rather than randomness). The processes involved are unclear, possibly in part because few experimental methods of modifying such reactions have been reported. We chose to investigate the possible effects of mechanical vibration on cells grown on nanotopographic patterns because considerable similarities have been reported in the effects of mechanical stimulation of cells grown on planar unpatterned surfaces [6] [7] [8] [9] [10] [11] [12] to that of growth of cells on various nanotopographic patterns [3] [4] [5] . Mechanical vibration has been reported to change adhesion and gene expression [13] , [14] at 100-700 nm amplitude. These similarities include features of cell adhesion, cell cycle duration, cell shape, cytoskeletal assembly and gene expression, etc. Recently we [15] have shown that nanoscale low frequency vibration will lead to changes in the expression of gene products and differentiation in human mesenchymal stem cells. In this paper we test whether the findings of [15] can be duplicated in another cell type (endothelia) examining different expression factors (Krüppel-like factor 2 (KLF-2) and endothelin 1) and testing still lower signal amplitudes.
Another related reason for choosing this topic lies in the work of Pierres et al. [16] , [17] who showed that as cells settle and adhere to a planar surface the cells protrude and retract very small "toes" towards and away from the surface. Such moving protrusions up to about 50 nm length could be expected to have local nanomechanical effects. Such work relates to earlier reports [18] , [19] on nanotopography and its effects on cells.
Thus, we chose to examine the effects of imposing very small-scale movements on cells in the 5 to 50 nm range. The need for accurate, fast, and reproducible (and perhaps repetitive) movements on this scale suggests the use of piezo actuators, because they can meet these requirements. The use of piezoactuators allows questions about the importance, if any, of frequency and of temporal stimulation pattern to be considered as well. Because mechanical stimulation is known to alter gene expression and cell adhesion we considered whether the nanoscale piezo stimulation we used would have similar effects. Investigations in this area may throw light on the linkage, if any, between mechanotransduction and the reaction of cells to the nanoenvironment and the ways in which biomaterial properties may affect this. The mechanical displacements applied to cell cultures are shown to be far away from any resonant condition of the setup, suggesting that no unintended amplification was present above the stated amplitudes.
II. MATERIALS AND METHODS

A. Substrata
Tissue culture-grade polystyrene culture vessels were used as the substrata for the culture of cells. Nanotopographically patterned surfaces in polycarbonate were kind gifts from N. Gadegaard and R. Petersen (School of Engineering, University of Glasgow) fabricated by techniques [20] which yielded the same surface patterns as those described before [1] [2] [3] [4] [5] . Each surface carried control unpatterned areas and arrays of nanopits in square array, and the near-square (controlled disorder) array, where each category of pattern covered 1 each and where the pits were 120 nm diameter 77 and 100 nm deep, as shown in Fig. 1 .
For the square arrays there was an absolute center-to-center spacing of 300 nm. For the disordered arrays the center-center spacing was an average of 300 nm in a square arrangement but each pit had up to 50 nm center offset in both dimensions. For the random patterns (not illustrated) a 1 array was written with a random center-center placement and then tiled to fill 1 . These patterned surfaces were attached to the culture dishes with epoxy cements. The use of nanopits in square or hexagonal pattern is known to reduce cell adhesion [6] and the near-square array increases cell adhesion [1] , [4] .
B. Mechanical Actuation
Piezoelectric transducers model no. 010-05H from Physik Instrumente, Karlsruhe/Palmbach, Germany were used to generate the required mechanical stimulation. The underneath sides of the culture flasks/dishes (52 mm diameter) or nanostructured surfaces were attached to the piezostacks by applying solventfree (PVA) adhesive or epoxy adhesive from Bostik, Stafford, U.K., as shown in Fig. 2 .
Immediately thereafter the structures were tested for fiducial replication of pattern and that the impedance between the culture region and the piezoelement was high . The culture regions were sterilized with 70% ethanol in a sterile airflow and then residual ethanol was washed out with sterile Hanks' saline. The devices were then stored sterilely before use.
The piezostacks were driven by a waveform generator [Marconi Instruments, St. Albans, U.K., type TF 2120] to produce a sine wave 10V peak-to-peak output or an Agilent 33210A function generator (Agilent, Santa Clara, CA, USA) driving PI 010-05H ring-type piezo stacks to produce 5-10 V peak-topeak sine wave potentials. In addition, one-to-one transformers were used to center bias the voltages in order to maintain positive-only potentials to the piezo devices. The Agilent generator was also used to provide the white noise and sweep signals.
The small substrate displacements suggested to us that the actual forces applied to the cells might be so small as to lie close to the random thermal noise limit. Therefore if stimulation at this level were effective it would imply that coherence may be important. However, a white noise signal would decohere the signal. Thus, if using a white noise signal decoheres the signal and then subsequently removes cellular effects, this would provide evidence that coherent vibration was important in the reaction of cells to the substrata at low signal levels.
The piezoactuators move the culture surface (polystyrene cell culture grade or polycarbonate when nanotopography was being studied) in a direction normal to the cells, i.e., z-axis. Since the cells are already adherent this means that during the part of the movement of the cell toward the substratum the actuator the cell may be compressed or indented by the movement of its substrate and during the opposite movement stretched.
C. Piezoelectric Transducer Calibration
The piezo devices used for inducing the mechanical stimulation were all calibrated between 1 Hz and 1 kHz over a range of sine wave driving potentials. For displacements below 100 nm calibration curves typically started at 5 Hz due to seismic vibration (background noise) tending to saturate the readout at lower frequencies. The overall response of all the piezo devices was observed to be broadly linear with respect to the driving potential at constant frequency and to the frequency at constant driving potential as can be seen Fig. 3 .
Displacements were sensed using a commercial SIOS interferometer model SP-S120, SIOS Meßtechnik gmbH, D-98693 Ilmenau, Germany, mounted on an air table with an average of 8 measurements per data point and the corresponding standard error.
D. Stimulation Regime for Cultures
Stimulation at 1 Hz, 2 Hz, 37 Hz, and 50 Hz at 5 or 10 V peak-to-peak drive was carried out for 16 to 24 hours. The cultures were then fixed and stained, and images of the cells adherent on the surfaces acquired over areas of 480 000
. The number of adherent cells per counting area was measured.
E. Cell Culture
Le-2 endothelial cells, a line of mouse lung capillary endothelia, [21] (from B10D2 congenic mice, cd 133+) were plated out after suspension by trypsinisation into polystyrene culture flasks. For experiments, the plating numbers of cells were cells diluted into 5 ml of culture medium in flasks or petri dishes of surface area approx 25 or 38
. The endothelial cells were grown in Ham's F10 medium with 3% fetal bovine and insulin-selenite-transferrin supplement for 30 to 48 hours. At the completion of the experiments the cultures were fixed in 4% formol saline followed by permeabilisation with Triton X 100 in buffer (tris pH 7.6) for 15 minutes if immunofluorescent staining was to be carried out. Otherwise, cells were stained in 1% aqueous methylene blue or fixed and then stained in Coomassie Blue stain in acetic acid/methanol.
F. Cell Viability
Cell viability was measured by counting the proportion of cells that fluoresced green with 488 nm stimulation after incubation in calcein AM at 37 for 30 minutes as compared to those that incorporated ethidium bromide.
G. Detecting Changes in Gene Expression
Adhesion was measured as the percentage of cells adhering to a specified substrate specified from a cell suspension in four hours. A cell was judged to be in adhesion if the cell was not rounded in plan view and was resistant to detachment in a shear flow of approximately . Such cells did not detach spontaneously and nearly all proceeded to spread more extensively over the next 24 hours.
H. Detecting Changes in Gene Expression
1) Immunocytochemical Methods:
After periods of stimulation, the test and control cells were fixed in 4% formol-saline for 5 minutes, permeabilized, and then stained with rabbit anti-KLF2 antibody H60 for 3 hours (sc-28675, Santa Cruz Biotechnology, CA, USA) followed by sulforhodamine-conjugated Goat anti-rabbit IgG antibody (Vector Laboratories, Peterborough, U.K.) for 2 hours. A similar protocol was used to test for Endothelin-1 production using Rabbit polyclonal anti-Endothelin reagent Abbiotec (San Diego, CA, USA, Lot 11100305). The fixed cells were washed repeatedly with PBS between and after each treatment with antibody reagents. Finally, the cells were examined and imaged using a Leitz fluorescence microscope operating at 546 nm excitation.
2) RT-PCR Methods:
After piezo stimulation at constant frequency the cells were trypsinised to make suspensions and then centrifuged. RNA was extracted from cell pellets using the RNeasy Micro Kit (Qiagen, Crawley, U.K.) following the manufacturer's instructions.
cDNA synthesis was performed on the extracted RNA using QuantiTect Reverse Transcription Kit (Qiagen, Crawley, U.K. Each assay and controls were repeated three times with three samplings of each separate one so nine estimates of standard errors of the repetitions were obtained for each treatment. The significance of differences between control and experimental RT-PCR ratios was calculated by ANOVA.
3) Statistical Methods: 2-way ANOVA was applied to examine the interaction of nanotopography and vibration of nanostructures for both cell adhesion and KLF2 expression.
III. MODELING OF FORCES APPLIED TO CELLS
A. Average Force on Entire Cell
It is of interest to estimate the mechanical forces being applied to individual cells as a result of mechanical stimulation. During each experiment cells become adherent to the substrate surface and will be supporting a column of aqueous solution above, of height 3 mm to 5 mm. Any force being applied to this column of solution by the piezoelectric transducer must therefore be transmitted through the cell. Taking the typical surface area of the adhered cells to be 50 by 20 , the force transmitted through each cell is simply the accelerative force, being the product of the mass of the column of solution and the acceleration, as described in Newton's second law. The peak accelerative force is therefore estimated to be in the range 0.03 pN to 0.05 pN at 5 Hz and 20 nm peak-to-peak displacement (Fig. 4) .
The maximum peak force applied at 50 Hz would be in the range 3 pN to 5 pN. It should be noted that viscous forces may be a contributing factor in the cell responses reported here. In order to help evaluate this, the motion of the top surface of the water solution with respect to the petri dish was recorded using the interferometric instruments described previously. The solution surface and piezo followed each other within the measurement accuracy achievable (a few nm) and therefore viscous forces will be assumed to be negligible. It can also be demonstrated that the stimulation frequencies used here are well below any resonant condition of the cells, solution and/or enclosure. For this reason, the setup is expected to directly follow the piezo displacement and behave as a rigid body.
Though it would have been desirable to use techniques such as AFM to measure these forces our experimental system is not amenable to force measurement methods such as AFM since both the substratum and the AFM probe would be moving independently.
Another question is whether the stimulation causes changes in the separation of cell and substratum. The acceleration of the cells due stimulation can be estimated to be around at 1 Hz and at 50 Hz, assuming both have 20 nm peak-to-peak motion. The gravitational force on the cell will be the product of gravity (9.81) and the difference in density of the cell verses the water solution. Knowing that the density of endothelial cells to be in the range 1.03 to 1.05 , then the static force of gravity remains at least 20 times larger than the stimulation at 50 Hz. For all intents and purposes, the cell sees the same effect as if gravity is being modulated by 1 part in 20 at most. Therefore, this appears as a negligible effect and cannot explain how the cells would change their separation with the substrate during stimulation. In addition, the evidence that cell adhesion is required before stimulation for changes in the cells to result suggests that cell and substrate move as one.
B. Other Mechanisms of Mechanotransduction
There could be other possible mechanisms for the cell responses reported here, which cannot be excluded based on basis of the experimental evidence. Further experiments would be required in order to identify the specific mechanism(s) that are responsible within this area of mechanotransduction. The role of other cellular components, such as the microfilament scaffold and the cell membrane, may also be critical in these responses.
IV. RESULTS
Since mechanical stimulation of cells can lead to increased gene expression especially of transcription factors [8] , [9] we looked for this but shifted the mechano-stimulation to very low intensity (nanoscale) repetitive stimulation which to the best of our knowledge has not been examined previously. KLF2 and endothelin are two gene products which have already been shown 
A. KLF2 and Endothelin-1 Expression
The repeated, continuous stimulation of the cultures by the piezoactuators over periods of at least 24 hours (after 2-4 hours non-stimulation to allow cell settlement) does not appear to damage or kill the cells. The regular substrate excursions in the range 5-20 nm lead to increased expression of genes KLF2 [9] KLF2 and endothelin-1 [10] as evidenced by immunocytochemical results (Figs. 5(b) and 6 ) and also by RT-PCR data (Fig. 7) .
The immunocytochemical detection of KLF2 shows that cells treated with white noise [ Fig. 6(d) ] and those in static cultures [ Fig. 6(f) ] showed little or no KLF2 expression. These two genes are already known to be upregulated by relatively large mechanostimulation of endothelia [9] , [10] and it is claimed that fluid flow around the endothelial cells is required for this to happen. However, the mechanical stimuli required for this are likely to be much less specific than flow alone because any mechanical stimulus is likely to spread from the point of application to nearby tissues producing a variety of mechanical effects (e.g., tension, compression, flow). Cell viability is vey high both before and after stimulation.
Piezo stimulation for up to at least 16 hours at 7 V and 1 Hz after a 2 hours delay for the cells to adhere, see Table I , did not kill the cells.
Low intensity stimulation (5 V peak-to-peak) at 1 or 2 Hz lead to expression of KLF2 but not in all cells but higher intensities such as 10 or 15 V peak-to-peak leads to all cells expressing this factor. Table I shows the effects on cell adhesion of using a small range of low frequencies to stimulate the cells and the results suggest that the system is not highly tuned to a particular frequency but further investigation see below suggests that the response system may be not of a simple type.
B. Effects of Modifying the Signal 1) Frequency Effects:
C. White Noise Stimulation
The possible effects of white noise stimulation were assessed by examining cells for KLF2 expression and by RT-PCR methods after 24 hours stimulation and also for changes in adhesion over the same period (results presented in Tables II  and III) . The results shown in Fig. 6 show that white noise stimulation does not lead to KLF2 expression by the cells, and this was investigated further using sweep stimulation.
D. Sweep Stimulation
Sweep stimulation was carried out at frequencies between 0.7 and 10 Hz and at rates of frequency change between 0.92 and 0.06
. Stimulation was measured as the percentage of cells showing KLF2 expression after 24 hours. These sweeps were only run in the increasing frequency mode, as shown in Fig. 8 . Fig. 8 reveals that the observed KLF2 expression drops markedly as the sweep frequency range of the stimulation widens. This result is consistent with the concept that a lack of coherence in the stimulation waveform (with the most extreme case of incoherence being that of white noise) will reduce or prevent KLF2 expression, in agreement with the PCR data in Fig. 7 . For sweeps over a small frequency range, the observed cell response remains high, however these responses markedly decrease as the frequency range of stimulation broadens. Fig. 9 illustrates this concept further by indicating that as sweep duration rises, KLF2 expression drops, perhaps since the most effective regime (e.g., a specific frequency) for stimulation is revisited less and less frequently as the sweep duration rises.
E. Effects of Mechanical Stimulation on Adhesion of Le2 to Nanotopographically Patterned Surfaces
These experiments were designed to discover whether adhesion of Le2 cells and expression of KLF2 to nanopatterned surfaces is modified when the surfaces are piezostimulated for 24 hours after initial settlement. It had already been shown that some nanotopographical patterns can increase or decrease cell adhesion under static conditions compared with controls attaching to a planar surface or with each other [8] . Therefore it is of interest to test whether piezostimulation changes the effects of nanotopography. Table IV shows that the proportion of cells displaying KLF2 expression increases as vibration or nanotopography is added to the stimuli the cells are exposed to and even more when both factors are applied simultaneously. The significance of the results was examined using ANOVA with interaction methods to look for interaction between mechanical stimulation (vibration) and type of nanotopography. The raw data on frequency of KLF expression was used to calculate the F ratio for data grouped by substratum type. An F value of 18.65 df 2/58 was obtained.
The data on cell adhesion Table IV shows that there is a rise in cell adhesion with type of topography on mechanostimulation from none (planar) to square (FSQ) to near-square (NSQ). Sections II-IV establish that our experimental system produces nanoscale z-axis excursions of the culture surface. The second section shows that the nanoscale biological effects of these excursions are very similar to those described in the literature for other larger scale mechanical stimulations, e.g., general effects of flow on endothelial cells at the microscale are well reviewed for instance in [8] [9] [10] The third section suggests that our stimulations must have temporal coherence to be effective at modifying cell behaviour. This is a novel finding and may suggest that a mechanism such as stochastic resonance might operate in these systems, allowing the cells to respond to very small (and coherent) mechanical signals at or below the thermal noise and/or seismic background. Spatial coherence was maintained due to the geometrical construction of the piezoactuator. The fourth section indicates that the cells may respond to the stimulation by self-tuning and suggests future experiments that need to be done.
The main results of this study show that these endothelial cells of capillary origin respond to nanoscale stimulation where the movements produced by the stimulatory system are seen in the range 5-20 nm and the force below 10 pN and that effects are clearly seen on gene expression. Low intensity stimulation, e.g., 5 V pk-to-pk at low frequency leads to only a proportion of cells expressing KLF2 factor and forces are below 1 pN but higher intensity (10 to 15V pk-to-pk) and higher frequency results in all cells expressing this factor. Higher forces also lead to KLF2 expression but resonance may set in under such conditions.
The movements produced by the piezostimulation correspond well with the movements observed by Pierres [15] and the force range lies in the regions calculated or observed for Drosophila mechanosensory cells [24] . Uzer et al. [25] obtained an increase in COX2 gene expression in osteoblast-like cells using rather similar though more intense mechanostimulation but could not entirely exclude shear forces. In our case the fact that the cells need to be attached to the substrate to redifferentiate suggests that shear forces are unimportant.
A. The Processing of the Mechanical Signal by the Cell
Our findings that white noise stimulation abolishes the response of the cells found with single frequency stimulation suggests strongly that coherent stimulation is essential for stimulation of specific changes in transcription. The sweep experiments show that reaction to mechanical stimulus is lost as the bandwidth of the sweep is increased and coherence lost. The loss of reaction with frequency switch is also an indication that coherence is important. It should be pointed out that the piezo devices are coherent in the time domain when a single frequency is used for stimulation and also likely to be spatially coherent due to their construction. Stochastic resonance [26] may act in the system we are using. Tanaka and colleagues [27] suggested that stochastic resonance could account for the stimulation of osteopontin synthesis by osteoblasts exposed to mixed low frequency and broadband strains of fairly high intensity. These could be the events with which the piezo-derived oscillations interact and we postulate that such interactions could drive cell surface activity.
The data shown in Table III show that stimulation frequencies in the broad range of 1 to 50 Hz produce responses from the cells while the evidence from the sweep experiments (Fig. 8) suggests fine tuning with narrow bandwidths. This seeming contradiction could be explained by the concept of "self-tuning" which has been observed in biological systems as well as in others [28] The experiments on altering the stimulation frequency upwards or downwards after a period of stimulation are also consistent with self-tuning. The large number of cycles of stimulation needed to produce changes in gene expression are again consistent with this concept. Random protrusions by the cell could provide the random element required for stochastic resonance. We suggest that for many animals the heartbeat could also provide a regular time coherence reference when experimental ones of the type we use are absent. Stochastic resonance might interact with the contraction cycle of protrusions from the cell. Mixing stimulation frequencies might provide a further experimental approach for future use.
It is interesting to note that the results presented within Figs. 7 and 8 appear to be broadly consistent with the expected response of a simple resonant system. Using the analogy of a resonant electrical circuit, e.g., LCR, it can be shown that driving the circuit with an input waveform that is suitably close to the resonant frequency will allow the output (or response) of the circuit to remain high, as was observed in the KLF2 expression in Fig. 7 . Likewise the response of the resonant electrical circuit will fall as the range of input frequencies broadens from the central resonant frequency. Fig. 8 is consistent with a model in which the energy supplied by the excitation signal is stored in a resonant system, with an associated decay time over which the energy is dissipated. If the resonant frequency is visited suitably often in the input waveform, then there would be insufficient time for all of the energy in the system to fully dissipate before additional energy is introduced. Likewise, if the resonant frequency is visited less often than the associated decay time, then there would be significant periods during which the resonant system has no response, perhaps leading to an overall null response, consistent with the observed cell responses in Fig. 8 . Although the comparison to resonant systems is speculative at this stage, it may be important to use this observation to help plan future experiments where mechanical stimulation is employed to drive particular cell responses, and further modelling of the observed KLF2 expression as a resonant process may lead to clearer insights into the underlying processes responsible for mechanotransduction.
One matter of practical importance is will it be possible to establish long-term or permanent changes in differentiation by applying nanoscale forces? A full test of this is needed before nanoscale stimulation can be applied practically.
If stochastic resonance or any other resonance acts there would be a certain element of persistence in the effects of the stimulus frequency assisting the frequency stability. Stochastic resonance would also explain how very small repeated signals could have biological effect such as those seen at the lower intensities and frequencies we used. Tables I and IV show that nanotopography, mechanotransduction, and adhesion interact closely. These are three major areas of research and it seems likely that they reflect parts of a general cellular mechanism. Thus, we suggest that the cell responds to mechanical stimuli primarily in the vicinity of the cell surface which is very close to the surface nanotopography of the substratum. Pierres et al. [16] showed that the cell makes protrusions "plucking" at the substratum surface. Piezostimulation will stimulate a related process-the cell being forced into the "arms" of the substratum. It can be argued that very small scale mechanical stimulations which are effective are most likely to be located close to the structures or systems involved in transduction. On that argument the very small piezoactuation effects are likely to be acting directly on the final transducer.
B. Cell Interactions
These findings are compatible with explanations applied to results obtained by others using larger scale movements, usually in the x:y plane, where mechanoreceptors in or near the cell surface may act. The experiments we describe differ from others because they were run at appreciably lower amplitude than probably all other experiments and with movements in the z plane rather than the x/y. There is evidence that we only obtained responses to coherent signals and that loss of coherence leads to a failure of response.
VI. CONCLUSIONS
We show from our experimental results that repeated mechanical stimulation of the Le2 line of mouse endothelial capillary cells with frequencies in the range 1 to 50 Hz with movements in the range 5-20nm and calculated force per cell of 0.05 to 5pN leads to: 1) Appearance of KLF2 and endothelin-1 expression factors and increases in cell adhesion and that with sufficiently intense stimulation all cells in the cultures express these factors. 2) Effective stimulation in this mode has to be coherent in time and space and if this is altered the gene expression of KLF2 and endothelin-1 is lost. Both nanotopography and vibration stimulation can produce these effects and there is evidence for stochastic resonance in the system (cell-piezostimulator).
